Background: Vaccine-derived polioviruses (VDPV) outbreaks typically occur in
Results: There were 1500 children enrolled and 1496 (>99%) provided sufficient quantity of blood for analysis. Seroprevalence for poliovirus type 1 (PV1) was >90% in all age groups and study areas. PV2 seroprevalence ranged between 75e100%; it was lowest in the youngest age group in Midongy and Toliara.
PV3 seroprevalence ranged between 79e100%. Seroprevalence in the reference area was not significantly different from polio high risk sites. Discussion: Madagascar achieved high population immunity. In order to preserve these gains, routine immunization needs to be strengthened. Currently, the risk of new VDPV emergences in Madagascar appears low.
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Background
Poliomyelitis cases caused by wild polioviruses have declined from hundreds of thousands in 1980s to 21 reported globally in 2017, all caused by wild poliovirus type 1 (WPV1); WPV2 has been certified as eradicated, and last WPV3 was detected in 2012 [1] . In Madagascar, the last poliomyelitis case caused by WPV was detected in 1997 [2] .
In addition to wild polioviruses, the viruses emerging from the use of oral poliovirus vaccines (OPV), referred to as vaccine-derived polioviruses (VDPVs) may, in rare circumstances, lead to outbreaks of paralytic poliomyelitis [3, 4, 5] . Madagascar experienced an unusually high number of independent emergences of VDPVs of different serotypes in the last decade [6, 7, 8, 9] . The last such outbreak was reported in 2014e2015, involving 11 circulating VDPV (cVDPV) type 1 paralytic cases [7] .
As a response to the VDPV outbreaks, the government of Madagascar together with partners of the Global Polio Eradication Initiative (GPEI) implemented a large number of supplementary vaccination campaigns with oral poliovirus vaccine (OPV) targeting children below 5 or 15 years of age. Nine campaigns were conducted in Madagascar to control the latest VDPV outbreak; some of the campaigns were nation-wide, while others focused only on high-risk areas. In addition to supplementary vaccination campaigns, routine immunization of young infants with poliovirus vaccines provides protection against circulation of wild and vaccine-derived polioviruses. The latest available estimates of routine immunization coverage (2016) with the third dose of OPV in Madagascar was 90%; it was 65% with the newly introduced inactivated poliovirus vaccine (IPV); however, large differences in routine immunization coverage within the country likely exist [10, 11] . The routine immunization schedule in Madagascar includes bivalent OPV vaccine administered at birth, 6, 10, and 14 weeks of age; and one does of IPV administered at 14 weeks of age. IPV was introduced into routine immunization schedule in Madagascar in 2015.
VDPV outbreaks usually occur in areas of low population immunity to polioviruses; in addition, there have been suggestions that the presence of other enteroviruses in the environment, particularly the high prevalence of species C was linked to emergence of VPDVs in Madagascar [6] .
Seroprevalence surveys have been used as a tool to evaluate polio program performance and to identify population immunity gaps. They have been routinely carried out in Nigeria, India, Pakistan and other areas [12, 13, 14, 15, 16, 17, 18, 19] and led to changes in polio eradication strategies in these countries.
To better understand the underlying population immunity, and to assess risk of future outbreaks of VDPVs, we conducted a population-based seroprevalence survey of anti-polio antibodies in those areas of Madagascar that had experienced multiple VDPV outbreaks in the recent past and compared the results with the reference zone of the capital city, Antananarivo.
Methods
This was a community-based, cross-sectional survey conducted in five study sites of Madagascar: Mahajanga, Toliara, Antsalova, and Midongy-atsimo (all considered as high risk areas for VDPV outbreaks because of their history of past VDPV emergences, low performance of the routine vaccination program, or low performance of poliovirus surveillance), and Antananarivo (considered as a reference zone because of standard immunization program performance).
Children in each study site were randomly selected from three age groups: 6e11 months; 36e59 months; and 5e14 years. A sample size of 100 children in each age group and each study site was calculated to be sufficient to detect, at the 95% confidence level, a seroprevalence point estimate with a precision of approximately AE5% assuming !90% seroprevalence and the proportion of non-consenting parents 10%. The selection of children was based on existing heath center records; it was carried out using simple random sampling from lists of eligible children for each age group in each health center within the study sites.
A simple demographic questionnaire including poliovirus vaccination history was administered and children's height was recorded. Chronic malnutrition was defined as height for age z-score <À2 standard deviations from mean z-score. Trained phlebotomists drew 2 mL of peripheral blood. The blood specimens were allowed to clot, and sera were separated and transported to Pasteur Institute in Antananarivo where they were stored at À20 C until shipment to the Centers for Disease Control and Prevention (CDC) in Atlanta, USA. The sera were tested for the presence of poliovirus neutralizing antibodies at CDC using standard neutralization assays [20] .
Seropositivity was defined as reciprocal titers of poliovirus neutralizing antibodies !8. Highest reported antibody titer was 1:1448.
Analysis was carried out using EpiInfo 7 package. Proportions and 95% confidence intervals were calculated for seroprevalence data; and median titers and 95% intervals were calculated using the "boot-strap" method. Univariate analysis of risk factors was carried out using chi-square comparisons.
The 
Results
In total, 1500 children were enrolled. There were no non-consenting parents. Sera were collected from all children; however, the quantity of sera in 4 of 1500 (<1%) children was insufficient for the performance of the neutralization assay. We present results obtained from 1496 children in whom the sera were analysed (Table 1 ).
In the 6e11 months age group, the majority of enrolled children were !10 months old (Table 1) . Documented coverage with the third dose of OPV obtained through routine immunization varied significantly among study sites (p < 0.001); it was the highest in the reference area (Antananarivo e 19%) and the lowest in Antsalova (0%) where no children were able to produce a vaccination card. Chronic malnutrition varied significantly among study sites and ranged between 12e39% (p < 0.001, Table 1 ).
Seroprevalence for poliovirus type 1 (PV1) was >90% in all areas and age groups. In Mahajanga and Toliara, the PV1 seroprevalence was significantly lower in the youngest age group than in the older age groups (p < 0.05). There were no other significant differences in PV1 seroprevalence neither among study areas nor among age groups (Fig. 1A) . Seroprevalence for poliovirus type 2 (PV2) ranged between 75e100% (Fig. 1B) . In the youngest age group, the PV2 seroprevalence was significantly lower in Midongy-atsimo (75%) and Toliara (83%) than in the other areas (p < 0.001). Overall, the 36e59 months age group had the highest PV2 seroprevalence when compared with the other age groups (99% vs 92%, p < 0.001).
PV3 seroprevalence ranged between 79e100% (Fig. 1C) . In Mahajanga and Toliara, the youngest age group had lower PV3 seroprevalence than the other age groups (p < 0.05).
Median reciprocal titers were higher in the youngest age group than in the older age groups for serotypes 1 and 3 (p < 0.05); the titer for PV2 was the highest in the middle age group (588), followed by the youngest age group (362) and the oldest age group (223). Median titers were highest for PV1, followed by PV2 and PV3 (Fig. 2) .
We analysed risk factors for seronegativity. There were 257/1496 (17%) children in our sample that did not have antibodies against at least one poliovirus serotype. Of the youngest age group, 128/499 (26%) children were seronegative for at least one serotype, of the middle age group it was 49/491 (10%) in the; and 80/506 (16%) in the oldest age group (p < 0.001). There was no statistical difference in the proportion of seronegative children among the study sites (p ¼ 0. 
Discussion
Madagascar was able to achieve uniformly high seroprevalence rates with the caveat of low PV2 rates in the youngest children in two study sites. The response with multiple vaccination campaigns using bivalent and trivalent OPV vaccines to the VDPV1 outbreak in 2014e16 resulted in high seroprevalence to PV1 in all areas and age groups, exceeding 90%. We do not assume that cVDPV1 outbreak itself contributed to any detectable increase in population immunity because its scope was limited. PV2
seroprevalence was overall high except in the youngest age groups in Midongyatsimo and Toliara. In our study, the reference area of Antananarivo did not significantly differ from the identified polio high risk areas for PV1 or PV3; for PV2 it was significantly lower in Midongy-atsimo and Toliara in the youngest age group.
We observed declining antibody titers with age with the exception of PV2 which had the highest titer in the middle age group; probably a result of repeated vaccination campaigns targeting that age group. In our study, unlike in a previous study from Pakistan, we have not observed chronic malnutrition to be a clear risk factor for seronegativity [21] . The rates of chronic malnutrition in Madagascar are considered among the highest in the world (estimated at about 50% of under-five population); and our findings confirmed this trend [22] .
Our study had some limitations. IPV history was not reported, and OPV history was unreliable due to absence of vaccination cards in the vast majority of children. In addition, we were unable to collect reliable data on campaign vaccination history. Further, the selection of children for the study was based on available health center registries.
While considered exhaustive, this method may have introduced some selection bias as those not being included in the registries were likely under-vaccinated.
The risk of new VDPV emergence in Madagascar is currently low due to overall high population immunity with the exception of <85% serological protection against PV2 in in Midongy-atsimo and Toliara in the youngest age group. Rather than strong performance of the routine immunization program, it was likely the conduct of multiple vaccination campaigns that contributed to the high population immunity. The effect of these campaigns will be short-lived unless routine immunization is strengthened and continues to provide adequate poliovirus protection to the youngest cohorts of the Malagasy children. In addition, the predominant absence of vaccination cards needs to be addressed by the immunization program.
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